Delivery of sufficient enteral nutrition in the critically ill patient enough to meet requirements and minimize cumulative caloric deficit is important for optimizing patient outcome. Cessation of feeds and the traditional use of a fixed rate-based feeding protocol limit adequate delivery. A unique volumebased feeding protocol allows nurses to adjust the infusion rate to make up for interruptions or periods of feeding cessation.
Introduction
Hospitalized patients frequently receive inadequate enteral nutrition (EN) therapy. Patients in the intensive care unit (ICU), especially those on mechanical ventilation, receive barely half of their caloric requirements or goals.
1 Such underfeeding is due to several factors, including delays in initiation, underordering by the physicians, and reduced delivery through frequent cessation of feedings. 1 Currently, the most commonly used method of providing EN is rate based, whereby 24-hour estimated or measured requirements are provided continuously by a consistent hourly rate of infusion (designed to deliver the total number of calories over 24 consecutive hours of infusion). If for any reason, the infusion is interrupted, feeds are eventually restarted after the cessation period at the same hourly rate. The patient receives less volume and thus fewer calories. This method of feeding does not allow for any means of correcting the deficit or degree of underfeeding should cessation of feeds occur.
We developed a different method or strategy of feeding that is volume based. Daily caloric requirements are used to determine the total volume of feeds needed to be delivered over the entire 24-hour period. If feeds are interrupted, the infusion rate 540004P ENXXX10.1177/0148607114540004Journal of Parenteral and Enteral Nutrition X(X)McClave et al research-article2014 is adjusted afterward to make up for the deficit incurred by increasing the rate to deliver the entire volume in the time remaining. We hypothesize that this new system should provide a greater volume of EN and thus better meet the caloric goals or requirements of critically ill patients than the more common rate-based method.
Methods
This prospective, randomized, single-center trial was designed to evaluate the volume of delivery of EN and the total caloric deficit in a group of patients fed by a new volume-based feeding (VBF) protocol compared with a similar group of patients being fed by a rate-based feeding (RBF) protocol. The study was performed in the medical ICU between 2007 and 2009 at the University of Louisville Medical Center in Louisville, Kentucky. The study was approved by the University of Louisville Investigation Review Board (IRB). Randomization was performed using block randomization by concealed opaque envelopes, initially in a 1:1 ratio and later increased to a 3:1 ratio of study to control patients (again approved by the IRB) due to problems with recruitment and the need to increase utilization of the VBF protocol.
Any patient 18 years or older admitted to the ICU, who was projected to need enteral feeding for ≥3 days, was eligible for entry into the study (as long as consent for participation could be obtained from the patient, legal guardian, power of attorney, or next of kin). Patients were excluded from entry into the study if they were pregnant or there was a contraindication to enteral feeding such as intestinal ischemia, mechanical obstruction of the gastrointestinal (GI) tract, or evidence of visceral perforation and peritonitis. In addition, patients receiving any portion of their nutrition therapy via parenteral nutrition (PN) were excluded from the study. Patients were also excluded if there was failure to obtain informed consent or the primary intensive care attending physician refused patient participation in the study.
All patients meeting inclusion criteria were considered for the study. Residents and nursing staff in the medical ICU at the hospital were educated with regard to the study protocol. The goal of feeding based on caloric requirements was determined by the primary team in consultation with the multidisciplinary nutrition team. In most patients, caloric requirements were estimated by simplistic weight-based equations (25-30 kcal/ kg/d). In those patients in whom factors such as obesity, edema, or amputation of extremities would increase error in such estimates, indirect calorimetry was recommended. The decision as to which method to determine caloric goals was left up to the primary service. All patients were intended to be fed by the nasogastric route. However, if there were signs of patient intolerance to gastric feeding, then a postpyloric tube was recommended. Ultimate determination of the level of infusion of EN within the GI tract (gastric vs postpyloric) was made by the treating physicians.
Nursing staff assigned to the daily care of the patient recorded the rate and volume of infusion of the EN and recorded any episodes of cessation. The total number of calories infused with the EN over the study period was calculated for each patient. The study period was defined from the time of admission into the ICU and initiation of EN to the time the patient was transferred out of the ICU, or out to a total of 7 days, whichever came first.
Patients were started on EN at a rate set by the primary team. The primary team physicians were encouraged to start at 25 mL/h and advance by 25 mL/h every 8 hours as tolerated to reach the goal infusion rate by 7 am the next morning. Once patients were at goal rate, then their randomized feeding strategy (VBF vs RBF protocol) was implemented.
For those patients in the study group on the VBF protocol, physicians on the primary team determined the total volume of EN needed to be delivered each day and ordered a rate of infusion to provide that volume over 24 hours. Any interruption in feeds required an assessment and recalculation of rate by the nursing staff. The volume of EN already delivered prior to the cessation period was subtracted from the total volume needed to be infused that 24-hour period. Graphs were provided to the nursing staff to calculate the needed increase in rate of infusion to deliver the rest of the required volume of feeds over the remaining available hours of the day. A separate graph was provided for gastric vs small bowel feeding (see Figure 1 ). An arbitrary maximal infusion rate of 280 mL/h for gastric feeding and 150 mL/h for small bowel feeding was used as a protective measure for patients placed on the VBF protocol. Noncompliance was defined as failure of the nursing staff to adjust the rate of infusion to make up for lost time on those days when the delivery of EN was interrupted.
For those patients randomized to the control group on the RBF protocol, physicians on the primary team determined the constant hourly rate of infusion needed to provide the total goal caloric requirements over the 24-hour period each day. Any interruption in feeds that occurred necessitated that the nurse simply restart the infusion of EN at the same rate following the cessation period.
The primary outcome goal was mean % goal calories infused and the cumulative caloric balance. The cumulative caloric balance was defined by the caloric goal requirements subtracted from the total calories infused over the study period as follows:
A protocol for monitoring and managing intolerance was followed for both groups. Gastric residual volume (GRV) was checked every 4 hours. Enteral feeding was stopped automatically if a GRV >400 mL was obtained on 2 consecutive occasions 4 hours apart. GRVs were repeated every 2 hours until the GRV was <400 mL, in order to resume enteral feeding. Evidence of intolerance to enteral feeding, such as vomiting, GRV >400 mL, abdominal distention, pain, cramping, or witnessed pulmonary aspiration, was monitored closely by the nursing staff and study coordinators. Statistical analysis was done using the 2-tailed Student t test.
Results
A total of 63 ICU patients were enrolled in the study, with a mean age of 52.6 years (range, 19-89 years), of whom 60% were male. All 63 patients were on mechanical ventilation. Reasons for admission to the ICU involved pulmonary in 26 patients (pneumonia or chronic obstructive pulmonary disease exacerbation), neurologic in 17 (altered mental status, seizures, or overdose), cardiac in 8 (acute myocardial infarction or congestive heart failure), and gastroenterologic in 6 (GI bleeding or pancreatitis). Forty-one patients were enrolled into the study group to the VBF protocol and 22 to the control group to the standard hourly RBF protocol. Six patients were excluded after enrollment and randomization (4 who would have been in the study group and 2 from controls), because of early extubation within the first 24 hours prior to initiation of EN or because the family requested withdrawal of life-sustaining treatments. Thus, 37 patients in the study group and 20 patients in the control group were available for analysis. All patients were fed by the nasogastric route, except for 1 patient in the study VBF group who received postpyloric feedings. There were no significant differences between groups with regard to age, sex, body mass index, or Simplified Acute Physiology Score. Similarly, no differences were seen between groups regarding reason for admission to the ICU or existence of comorbidities (see Table 1 ).
Overall, study patients in the VBF group received a significantly greater volume of EN, providing 92.9% ± 16.8% of their caloric goal requirements for the study period, compared with control patients in the RBF group who received 80.9% ± 18.9% of goal calories (P = .01). As a result, study patients sustained a significantly smaller caloric deficit, as evidenced by a mean cumulative caloric balance of −776.0 kcal, compared with a mean caloric balance of −1933.8 kcal in controls (P = .01) ( Table 2 ). The 57 patients enrolled in the study for whom data were available for analysis received delivery of EN for a total of 280 infusion days (mean, 4.91 days/patient). Uninterrupted EN was delivered for 51.7% (88/170) of all EN days in study patients and 54.5% (60/110) of all EN days for controls. There was no significant difference in the adequacy of feeding between groups on these days, with a mean 103.5% ± 10.3% of goal calories infused for study VBF patients vs a mean 102.1% ± 6.9% of goal calories in controls (P = .17) (see Table 2 ).
However, on those days when feeding was interrupted, study patients overall received a significantly greater percentage of caloric requirements at a mean 77.6% ± 26.8% of goal calories (n = 82 days) compared with control patients, who received 61.5% ± 32.5% of goal calories (n = 50 days) (P = .001). The mean cumulative caloric balance on those same days of interrupted feeds was −1182.6 kcal in VBF study patients vs −2590.8 kcal in RBF controls (P < .05). Nursing compliance with the VBF protocol was low at only 32.1% of those days where interruptions in EN delivery necessitated its use. When nurses were compliant with the VBF strategy on days EN was interrupted, study patients received 96.2% ± 14.4% of goal calories (n = 26 days) vs receipt of only 69.0% ± 26.8% of goal calories (n = 56 days) when they were noncompliant. For those same interrupted EN days when the VBF protocol was used in study patients, the adequacy of EN delivered would have fallen from a mean 96.2% ± 14.4% of goal calories to a mean 71.0% ± 16.5% of goal calories had the protocol not been used (see Table 2 ). There were no instances of feeding intolerance due to use of the protocol. 
Discussion
Delivery of EN in the ICU is difficult, since a number of factors contribute to underfeeding of the critically ill patient. 1 Patients often remain nil per os (NPO) for days before initiation of feeds. Franklin et al 2 showed that 22% of all admissions remained NPO for >3 days (with a mean 5.2 days NPO). Once initiated, physicians tend to underorder calories, prescribing a mean 65% of goal calories each day, as a result of slow rampups in rate and cutting the concentration of formula infused. 1 Eighty percent of the prescribed regimen is actually infused, due to frequent cessation of feeds. The net effect of all these errors is that patients get only half of what they should receive based on actual caloric requirements (a number that is surprisingly consistent, between 51.3% and 59.0% of goal calories, across North America). 1, [3] [4] [5] Critically ill patients who get only 50% of goal calories infused day after day in the ICU setting (based on energy requirements) quickly generate a substantial caloric deficit; the larger the deficit, the worse the clinical outcome. Earlier studies focused on a specific calorie deficit of 10,000 kcal. Bartlett et al 6 showed retrospectively that the mortality rate was 26.6% when the deficit was maintained below 10,000 kcal but increased significantly to 76.4% when the deficit exceeded that limit (P < .05). Similarly, Mault 7 in a prospective multicenter study showed that those 22% of patients with negative energy balance (>10,000-kcal cumulative caloric deficit) experienced a longer duration of mechanical ventilation (19.9 vs 10.6 days, P < .005) and longer ICU length of stay (24.6 vs 15.9 days, P < .05) respectively than the 78% of patients with a positive energy balance. More recently, Dvir et al 8 showed a deleterious impact on patient outcome with a caloric deficit as little as only 4000 kcal. Their study showed significantly better outcome with regard to reduced incidence of acute respiratory distress syndrome (P = .01) and renal failure (P = .0001), need for surgery (P = .008), pressure sores (P = .007), and total complication rate (P = .0001) in those critically ill patients whose cumulative caloric deficit was minimized to <4000 kcal compared with those patients whose deficit was over that mark. But Villet et al 9 showed that an increasing degree of any caloric deficit correlated significantly with an increasing incidence of overall complications. This literature is criticized because the sicker the patient, the more difficult the delivery of EN becomes.
The key issue then focuses on whether strategies employed to increase delivery of EN improve patient outcome as the caloric deficit is reduced. Alberda et al 10 showed that an increase of 1000 kcal/d by any strategy in mechanically ventilated critically ill patients was associated with reduced 60-day mortality (odds ratio, 0.76; P = .014) and increased ventilator-free days (3.5 VFD, P = .003). Martin et al 11 showed that the active dissemination of a guidelines-based EN protocol to hospital centers increased the volume of EN delivery and the number of days EN was infused that first week of hospitalization, resulting in a significant reduction in hospital length of stay (35 vs 25 days, P = .003) and mortality (37% vs 27%, P = .058) compared with centers not using the protocol, respectively. Taylor et al 12 showed that use of an aggressive protocol (initiation at goal rate, postpyloric infusion, elevated cutoff level for GRV to 200 mL) nearly doubled the volume of EN delivered (37% vs 59%, respectively, P < .05) compared with a more conservative protocol (slow ramp-up in rate, gastric infusion, lower cutoff value for GRV at 150 mL). The greater volume of EN delivered to those patients randomized to the aggressive protocol did improve patient outcome, resulting in significantly less infection, shorter hospital length of stay, and reduced rate of overall complications compared with those patients randomized to the conservative protocol. 12 Meissner et al 13 studied the use of a narcotic antagonist to improve intestinal motility and increase delivery of EN in critically ill patients on mechanical ventilation receiving fentanyl for sedation. Use of that agent (naloxone) increased the volume of EN delivered from a mean of 1000-1200 mL/d, comparing controls on placebo with study patients, respectively (P < .05), and patient outcome improved as evidenced by a significant reduction in the incidence of pneumonia (56% vs 34%, respectively, P = .04). 13 It is clear from these studies that those strategies that increase delivery of EN and subsequently minimize or reduce the cumulative caloric deficit result in better patient outcome. Development of an EN protocol for an institution or ICU is the best means by which to capitalize on this phenomenon. These studies also highlight those elements of management that should be part of such a protocol. It is important that the protocol identify that the patient is NPO, establish enteral access, order an initial rate of infusion, and set increases for rapid ramp-up to goal over a brief period.
1 Consideration should be given to starting at goal rate. 12 A good protocol should alter interpretation of GRVs by elevating the cutoff level for cessation and by limiting automatic cessation of EN to a second consecutive GRV 4 hours apart. Consideration should be given to prohibiting use of GRVs.
14 The protocol should establish as needed orders for nurses to facilitate use of prokinetics in the event of signs of intolerance.
This study adds one additional strategy to improve delivery of EN. Use of a VBF protocol empowers nurses to make up for lost time due to cessation of EN for diagnostic tests, bedside nursing activity, or therapeutic procedures. The literature supports the importance of estimating or measuring caloric requirements to identify the goal for EN delivery. 15 The key strategy described in this report switches the focus from a fixed hourly rate for a presumed consecutive 24-hour infusion to a total volume of EN that needs to be delivered over the entire period, allowing nurses to adjust the rate as needed to achieve that end point. Use of this strategy increased the volume of EN delivered from 71.0% of goal calories (had the protocol not been used) to 96.2% of goal calories (P < .05). Despite relatively poor compliance by the nursing staff, those patients randomized to the VBF protocol sustained a reduction in the mean caloric deficit by 60% compared respectively with control patients randomized to the standard RBF protocol (776.0 vs 1933.8 kcal, P = .01).
The VBF protocol may be combined with other strategies to maximize delivery of EN. In a recent feasibility study, we showed that a "PEPuP Protocol," which combined multiple strategies (such as VBF, early initiation of prokinetic agents, raising the threshold value for GRV, and the liberal addition of protein supplements), succeeded in increasing the % goal calories delivered from 58.8% to 83.2% (P = .02). 16 Compliance by the nursing staff was a problem. It was not clear whether nurses overall were fearful of increasing the infusion rate by themselves, were confused by the complexity of calculating and readjusting the rate, or simply wanted to put feeds on a set rate of infusion and not be bothered with taking ownership for fully managing the EN delivery. Anecdotal experience with individual nurses was revealing. Only a couple of nurses expressed concern that being responsible for increasing the rate "put my license on the line." Nurses clearly were used to focusing on rate and not on total volume of feeds. Nurses tended to jot down notes on scraps of paper and not add up the volume of EN delivered until the end of the shift (when it was too late to make adjustments). Usually any fear or concern expressed by nurses was related to GRVs (and continuing any feeds above a certain level) and not to any increase in the rate of infusion. Surprisingly, a few nurses commented that providing a chart (Figure 1 ) to help with calculations was "condescending" and that they should be allowed to do the math by themselves. Other nurses were genuinely excited about taking charge of the EN and moving the process in the right direction. And any reinforcement by physicians was interpreted by nurses that what they were doing had value. Either way, the poor compliance should be easily correctable as the culture of the ICU changes and the importance of delivery of EN is increasingly emphasized by critical care physicians.
There are a number of limitations to the current study, and certain aspects of the methodology may introduce bias. Potential limitations include the small number of patients, which subjects the conclusions to type II error, such that recruitment of more patients may have resulted in the loss of significance. The study was conducted at a single center and was not registered in clinicaltrials.gov. Certain potentially relevant parameters (ICU length of stay, mortality, and ventilator days) were not collected. The percentage of patients' goal calories that was based on weight-based equations vs indirect calorimetry was not recorded.
In conclusion, this study describes a unique strategy that should enhance delivery of EN to the critically ill patient in the ICU setting. Changing the focus of attention to the total volume of EN that needed to be delivered in a 24-hour period and challenging nurses (and dietitians) to be responsible for managing that delivery are the keys to successful implementation. Such strategies that promote greater volume of EN infusion to meet caloric requirements would be expected to improve patient outcome.
